Background and objectives Lanthanum carbonate (LC) is a nonaluminum, noncalcium phosphate binder that is effective for hyperphosphatemia in dialysis patients. However, its efficacy and cost-effectiveness as second-line therapy have not been fully examined.
Introduction
The number of patients with ESRD has grown exponentially worldwide (1) , causing a progressive increase in the expenditure of dialysis treatment. The Medicare cost for ESRD in the US has reached $23.9 billion, 5.8% of the entire Medicare budget (1) . In Japan, the total cost exceeds $13.0 billion, which accounts for approximately 4% of the total health expenditure (2) . Chronic kidney disease-mineral and bone disorder (CKD-MBD) is a common complication of dialysis patients and is substantially related to the increased expenditure, because treatment for this disease itself and its related cardiovascular diseases (CVDs) and bone fractures causes a high economic burden. It is, therefore, important to assess the cost-effectiveness of new medications for CKD-MBD management (3).
Hyperphosphatemia is a key factor in CKD-MBD and is linked to cardiovascular and all-cause mortality in ESRD patients. Because dietary phosphorus restriction and phosphorus removal by dialysis modalities are not sufficient to control serum phosphorus levels within recommended ranges, treatment with oral phosphate binders is frequently required for these patients. However, despite the widespread use of phosphate binders, 30% to 40% of dialysis patients still show serum phosphorus levels Ͼ6 mg/dl, possibly resulting from limited use of these agents because of their toxicity and/or tolerability (4 -6) .
Lanthanum carbonate (LC) is a new nonaluminum, noncalcium phosphate binder with high efficacy, low pill burden, and low toxicity (7, 8) . However, the cost-effectiveness of LC has not been fully examined. Recently, we estimated the cost-effec-tiveness of LC as first-line therapy in hemodialysis patients in Japan and showed that LC is unlikely to be cost-effective compared with calcium carbonate (9) . Thus, LC seems more suited as second-line therapy for patients with uncontrolled hyperphosphatemia. To the best of our knowledge, however, no extensive study investigated the clinical efficacy of LC as second-line therapy, and only one study examined the costeffectiveness of LC as second-line therapy, but using data derived from a clinical trial of LC as first-line therapy (10) .
Therefore, the aim of this study was to evaluate the clinical efficacy of LC as second-line therapy in hemodialysis patients in Japan and to assess the cost-effectiveness of additive LC treatment based on the clinical data.
Materials and Methods

Clinical Trial
Study population. Study candidates were Ͼ18 years of age and had received hemodialysis for at least 3 months. The eligibility criteria were (1) serum phosphorus levels Ն6.0 mg/dl and (2) receiving calcium-based phosphate binders and/or sevelamer hydrochloride or could not receive these agents because of adverse effects. Hospitalized patients were excluded. The study was conducted in accordance with the Declaration of Helsinki principles, and informed consent was obtained from all patients before their enrollment. The study protocol was approved by the institutional review board at each study site. This study is registered with the Universal hospital Medical Information Network clinical trials registry, no. UMIN000002058.
Study design. This was a multicenter, open-label, 16-week study conducted at seven dialysis centers in Japan between May and December 2009. All study subjects received LC at an initial dose of 750 mg/d. The doses were titrated at 2-week intervals to a maximum 2250 mg/d to achieve the Japanese target phosphorus ranges (3.0 to 6.0 mg/dl) (11) . When serum phosphorus levels decreased below 6.0 mg/dl, reductions in the dosages of calciumbased phosphate binders or sevelamer hydrochloride were permitted. No restrictions were imposed on the choice of phosphate binders to be reduced or on the use of vitamin D sterols and cinacalcet hydrochloride. Dialysate calcium levels remained unchanged throughout the study.
Blood samples were collected at the start of the dialysis session after the longest interdialytic period. Serum calcium, phosphorus, and albumin levels were measured every 2 weeks and serum intact parathyroid hormone (PTH) levels every 4 weeks at local laboratories. Serum intact PTH levels were determined using an electrochemiluminescence immunoassay (Elecsys PTH; Roche Diagnostics, Mannheim, Germany). Serum calcium levels were corrected for albumin concentration using the original Payne's equation (12) . Medication data were collected every 4 weeks. Safety was evaluated by reports of adverse events.
Statistical analysis. Continuous variables are presented as means Ϯ SD, means Ϯ SEM, or median (interquartile range). Categorical variables are presented as percentages. Changes in laboratory values and medication dosages were analyzed using one-way repeated-measures ANOVA and the Friedman test, respectively. P Ͻ 0.05 was considered statistically significant. All analyses were performed using Dr. SPSS II for Windows, version 11.01J (SPSS Japan, Tokyo, Japan).
Cost-Effectiveness Analysis
Model structure. The model-based cost-effectiveness analysis was conducted from the healthcare system perspective in Japan. A patient-level state transition model was constructed in TreeAge Pro 2009 (TreeAge Software, Williamstown, MA) to predict lifetime costs and effects (quality-adjusted life years [QALYs]) associated with additive LC treatment compared with conventional treatment alone. The starting age is 60 years, based on the mean age of the trial participants. The incremental cost-effectiveness ratio (ICER) was calculated using the following formula: ICER ϭ (Cost additive LC Ϫ Cost conventional treatment )/ (QALY additive LC Ϫ QALY conventional treatment ).
The state transition model has two components: a shortterm phase ( Figure 1A ) and a long-term phase ( Figure 1B ). In the short-term phase, a transition to four different phos- phorus ranges occurs (Ͻ5, 5 to Ͻ6, 6 to Ͻ7, and Ն7 mg/dl), depending on the treatment received. In the additive LC arm, the distribution of patients in each phosphorus range was derived from the clinical trial data, using the phosphorus levels after 12 to 16 weeks of LC treatment ( Table 1) . The distribution of patients in the conventional treatment arm was derived from the clinical trial data at baseline. Patients who withdraw from LC treatment are assumed to switch back to conventional treatment, and the distribution of these patients in each phosphorus range is assumed to be similar to that of the conventional treatment arms. The proportion of withdrawal was derived from the clinical trial ( Table 2 ). The costs and effects of patients who withdraw from LC treatment are included in the additive LC arm. In the long-term phase, patients are vulnerable to various risks such as CVD, bone fracture, and death. During each cycle of the model, patients maintain their achieved phosphorus levels and experience one of the following clinical events: "no event," "CVD event," "fracture event," and "CVD and fracture event." The cycle length of the long-term phase was set to 1 year.
Transition probabilities. A transition probability (P) of an event occurring over a time interval (t) was calculated using a rate (r) according to the following formula: P ϭ 1 Ϫ exp(Ϫrt) (13) . The incidence rates of CVD, fracture, and death were obtained from a nationwide registry data of dialysis patients in Japan (14) and the Q-cohort study, a large-scale, prospective observational study conducted in Kyushu area in Japan (15, 16) (Table 2) . Because the direct effects of LC treatment on the risk of CVD and mortality have not been examined in randomized controlled trials, we estimated CVD rates and agedependent mortality rates based on phosphorus ranges transited, using observational data from Japanese studies (14, 17, 18) (Tables 3 and 4) . With regard to bone disease, there is no sufficient evidence that links better phosphorus management to decreased fracture risks in hemodialysis patients (4,19 -21) ; therefore, we estimated 
CVD, cardiovascular disease. 
fracture rates based on each patient's age, using data from large observational studies (19) ( Table 4) . Costs. Drug costs were based on the price set by the Ministry of Health, Labor, and Welfare in Japan in 2010 (22) (Table 5 ). Drug dosage in the additive LC arm was derived from the clinical trial data at 12 to 16 weeks of LC treatment, whereas that of the conventional treatment arm was derived from the trial data at baseline. We did not include the cost of dialysis in base-case analysis; instead, the effect of its inclusion was examined in the sensitivity analysis. Costs for CVD and fracture events and dialysis treatment were derived from Japanese data (15, 16, (23) (24) (25) . All of the costs were calculated in Japanese Yen and converted to US dollars ($1 ϭ ¥100).
Utilities. Health benefits were expressed as QALYs, a measure of life expectancy weighted by the health-state 
RR, relative risk. (15,16,29 -32 ). An annual discount rate of 3% for all costs and health benefits was applied. Sensitivity analysis. One-way sensitivity analysis was conducted to assess the effects of changes in key parameters on base-case result. Assessed key parameters are shown in Tables 1 to 6 . We also conducted one-way sensitivity analysis by using data derived from a US study (4) for the effect of serum phosphorus on the risk of CVD and mortality. A probabilistic sensitivity analysis was performed to examine parameter uncertainty. Each set of random input values was obtained from their distributions for 1000 patients, and the results were iterated 1000 times. We constructed a cost-effectiveness acceptability curve and determined the proportion of simulations in which additive LC would be preferred, assuming a willingness-to-pay of $50,000 per QALY gained.
Results
Clinical Trial
A total of 136 patients were enrolled in the study, of whom 20 were excluded from the study because pretreatment serum phosphorus was decreased to Ͻ6 mg/dl. Baseline characteristics of the patients (n ϭ 116) are shown in Table 7 . After 16 weeks of LC treatment, serum phosphorus decreased significantly from 7.30 Ϯ 0.90 to 5.71 Ϯ 1.32 mg/dl (Figure 2 ). There were no significant changes in serum calcium and intact PTH levels (Supplemental Figure  1) . At the end of the study, the mean dose of LC was 988 Ϯ 447 mg/d. The doses of sevelamer hydrochloride and calcium-based phosphate binders were progressively decreased, and the doses of vitamin D sterols and cinacalcet hydrochloride remained unchanged (Supplemental Table  1 ). Adverse events were reported in 16 patients (Supplemental Table 2 ). Nine patients withdrew because of adverse events. Two patients withdrew because they could not chew the LC tablet. Two patients withdrew because of refusal to take LC.
Cost-Effectiveness Analysis
Base-case results for the incremental cost-effectiveness of additive LC are shown in Table 8 . The total cost per patient for conventional treatment and additive LC was $38,781 and $60,835, respectively, and the mean QALYs were 5.771 and 6.403, respectively. Compared with conventional treatment, additive LC resulted in an increase in cost and QALYs by $22,054 and 0.632, respectively. This result provided an ICER of $34,896 per QALY gained.
One-way sensitivity analysis showed that the ICER was not sensitive to changes in various key parameters (Figure 3) . When relative risks of mortality and CVD according to each phosphorus range were derived from a US study (4), the ICER still remained below $50,000 per QALY gained.
When the effect of improved phosphorus management on the incidence of CVD and mortality is assumed to be reduced by 40%, the ICER was increased to approximately $50,000 per QALY gained. When the dialysis cost was included in the analysis, however, the ICER dramatically increased to $102,523 per QALY gained.
The results of the probabilistic sensitivity analysis are shown as a scatterplot ( Figure 4A ) and cost-effectiveness Figure 4B ). Based on a willingness to pay of $50,000 per QALY gained, additive LC showed a 97.4% probability of being cost-effective compared with conventional treatment.
Discussion
Our clinical trial showed that LC is effective and well tolerated as second-line therapy for uncontrolled hyperphosphatemia in hemodialysis patients. In addition, by using these data in the simulation analysis, we showed that additive LC treatment is cost-effective compared with conventional phosphorus-lowering treatment in Japan.
The cost-effectiveness of LC as second-line therapy has also been examined by Brennan et al. (10) . In their economic analysis, however, the investigators used data derived from a clinical trial of LC as first-line therapy and did not include sevelamer hydrochloride in the analysis. In contrast, in this study, we first conducted a clinical trial to survey the costs and effects of LC as second-line therapy, as well as its effects on other medications related to CKD-MBD, for the subsequent cost-effectiveness analysis. Therefore, we believe that our findings are clinically more relevant to the actual healthcare settings compared with the results of previous studies.
The most important limitation to this study is that the long-term effect of LC on clinical outcomes is estimated from changes in serum phosphorus. It should be noted that the possible benefits expected from the effect of phosphate binders on surrogate markers are not always consistent with the real benefits. For example, the first pharmacoeconomic analysis of sevelamer hydrochloride (33) used surrogate endpoints (vascular calcification scores and progression) from the Treat to Goal study (34) and showed that sevelamer hydrochloride was cost-effective compared with calcium-based binders. However, this result was not confirmed by subsequent pharmacoeconomic analyses (35, 36) based on the Dialysis Clinical Outcomes Revisited trial (37, 38) , which examined the effect of sevelamer hy- drochloride on mortality, CVD morbidity, and CVD hospitalization compared with calcium-based binders. Thus, using surrogate endpoints to model the probability of hard endpoints is a major assumption, and the results should be interpreted with caution. However, several observational studies have shown an association between high serum phosphorus and increased risk of CVD and death (4 -6,39 -41) , and two observational studies have shown an association between use of any phosphate binder and improved survival in CKD patients (42, 43) . Despite the fact that these studies do not prove a causal relationship between lowering serum phosphorus with phosphate binders and improved survival, until a clinical trial proves otherwise, it seems reasonable to use serum phosphorus as a surrogate maker to estimate the potential effect of LC on patient outcomes.
In this study, we also assessed whether the uncertainty of the efficacy of LC influences the results through sensitivity analysis. We found that the use of US data (4) for the effect of serum phosphorus on the risk of CVD and mortality did not alter the results of base-case analysis. Furthermore, even if we assumed that the reduction in the risk of clinical events among patients treated with LC is reduced by 40%, the ICER was still approximately $50,000 per QALY gained.
Changes in adherence to phosphate binders over time may also affect study results. However, we did not examine this point in the sensitivity analysis, because of difficulties in predicting the effect on either costs or clinical outcomes. Thus, although long-term clinical trials have shown that LC maintains reduction in serum phosphorus over time (44) , further studies are needed to examine the effect of adherence to LC on phosphorus management and its resultant clinical outcomes.
Our cost-effectiveness analysis was performed from the healthcare system perspective in Japan. Thus, we mainly used data derived from Japanese studies, some of which are different between Japan and other countries. However, we evaluated parameter uncertainty through sensitivity analyses by varying model inputs for some key parameters that may vary from country to country to assess impact on the ICER. These results seems worthy of consideration with regard to the application of our results to other populations. First, it is well known that one of the features of hemodialysis patients in Japan is longevity (45) ; however, changes in mortality rates had little impact on the ICER as shown in Figure 3 . Differences in underlying primary kidney disease may also affect the incidences of CVD, fracture, and death, but changes in these incidence rates had little impact on the ICER in our analysis. Because the average doses of phosphate binders used in the US are 1.5 to 2.5 times greater than those in Japan (34,46 -49) , we performed additional cost-effectiveness analysis in which the doses of phosphate binders were doubled and their costs were derived from the US data (Table 9 ) (50 -52) . In this simulation, the ICERs based on the US drug prices in 2008, 2009, and 2010 were $47,240, $57,591, and $68,441 per QALY gained, respectively. Although healthcare decision makers in the US generally agree that interventions that cost less than $50,000 per QALY gained are reasonably efficient, it should be noted that the choice of an efficient cost-effectiveness threshold is dependent on several factors, and several cost-effectiveness analyses considered $50,000 to $100,000 per QALY gained to be cost-effective (53) (54) (55) . Thus, the results of our additional analysis suggest that LC may also be cost-effective for uncontrolled hyperphosphatemia patients receiving hemodialysis in the US, unless the dose or cost of LC increases further. We believe that our analytical approach will provide useful information for the analysis of the cost-effectiveness of LC in other countries.
Finally, it should be noted that we did not include the cost of dialysis therapy in the base-case analysis. Whether cost-effectiveness analyses of dialysis patients should include the cost of dialysis is a matter of discussion. Because the cost of dialysis is very high, inclusion of its cost in the analysis could result in refusing acceptance of interventions that are relatively inexpensive but improve patient survival (56) . Thus, although it still remains controversial, exclusion of the cost of dialysis in economic analysis is generally considered appropriate.
In conclusion, our study suggests that the use of LC as second-line therapy is effective and cost-effective for hemodialysis patients in Japan. Further studies are needed to determine the validity of our simulation model and to ascertain more definite evidence for the benefits and costs of LC therapy for patients with uncontrolled hyperphosphatemia. a Drug costs in the US were derived from the average wholesale price.
